The ring opening of different three-, four-, five-and six-membered oxygen-, nitrogen-and sulfur-containing saturated heterocycles using lithium and a catalytic amount of an arene (naphthalene or DTBB) yields a series of functionalized organolithium compounds, which, by reaction with different electrophiles, allow the preparation of polyfunctionalized molecules in only one synthetic operation.
INTRODUCTION
In a general context, the progress in organic synthesis is based on two important pillars: (a) The development of new synthetic strategies, that is, on paper how to go from a starting material to the desired target molecule (also considered as the retrosynthetic analysis) [1] and (b) the development of new methodologies, that is, how to perform in the lab what the chemist imagined before [2] . Concerning the second point, we have been interested in the last several years in the study of functionalized organometallic compounds because in their reaction with electrophiles they are able to yield polyfunctionalized molecules in only one reaction step [3] . Among the different possibilities, we have studied mainly functionalized organolithium intermediates due to their high reactivity, even at low temperatures, based on the high polarity of the carbon-lithium bond [4] . Thus, functionalized organolithium compounds have been used extensively in our group to prepare a wide series of functionalized structures, many of them taking part in naturally occurring biologically active products [5] . One inherent problem associated with the generation of very unstable organolithium compounds is that in some cases, this process has to be performed at low temperatures, so a very potent lithiation agent is necessary to be used. About 10 years ago, we found out that the combination of an excess of lithium powder and a catalytic amount of an arene, mainly naphthalene or 4,4′-di-tert-butylbiphenyl (DTBB), is a versatile and efficient mixture to carry out lithiation reactions under very mild reaction conditions [6] [7] [8] [9] . Thus, we were able to perform new processes, such as the preparation of organolithium reagents starting from nonhalogenated materials [10] , the generation of dilithio synthons [11] , the activation of metals [12] (especially nickel [13] or copper [14] and their use in reduction processes), and the preparation of functionalized organolithium compounds [5] . Concerning this last group of compounds, the most important methodology to prepare them involves a halogen-lithium exchange. However, in the last few years we have been applying the above-mentioned arene-catalyzed lithiation procedure to synthesize functionalized organolithiums starting from heterocyclic materials [5c], which is the subject of this paper.
Aziridines
Aziridines can be opened using an arene-catalyzed lithiation only if an aryl group is attached to one of the atoms of the ring. For N-phenylaziridines 26, their reaction with an excess of lithium and a catalytic amount of naphthalene in THF at -78°C followed by condensation of the intermediate 27 with an electrophile afforded, after hydrolysis with water, the expected functionalized amines 28 in a regioselective manner (Scheme 5). When the phenyl group is attached to one of the carbon atoms of the ring, such as in the starting material 29, the benzylic organolithium intermediate 30 is the most stable one generated, which by successive reaction with an electrophile and final hydrolysis with water gave products 31 (Scheme 5) [20] .
Surprisingly, when chiral cis- (32) and trans-aziridine (33) [easily prepared from (-)-ephedrine] were submitted to the same protocol as for aziridines 26 or 29, the same products 34 were isolated. In this case, starting from the cis starting material, the generated intermediate 35 has a rather rigid structure due to the so-called CIPE (complex induced complexity effect) [21] , which implies a strong interaction between the heteroatom and the lithium atom and consequently an important steric hindrance. For this reason, it suffers a benzylic inversion [22] erated by ring opening from the trans-aziridine 33, so the final products are the same in both cases (Scheme 6) [20] .
Thiiranes
The lithiation of phenylthiirane 37 was performed using a catalytic amount of DTBB under the abovementioned reaction conditions or in the presence of the electrophile (Barbier-type reaction conditions) [23] , but incorporation of the electrophile was never observed, ethylbenzene (38) being the only reaction product obtained [24] . Probably, the ring opening takes place at the most stable benzylic position giving the intermediate 39, but then a β-elimination occurs (lithium sulfide is a good leaving group) yielding styrene (40) , which in the final work-up suffers reduction (with the excess of lithium and water used in the final hydrolysis) affording ethylbenzene (Scheme 7).
FOUR-MEMBERED HETEROCYCLES
The reductive ring opening of four-membered heterocycles allows the introduction of a functionalized four-carbon unit into electrophiles.
Oxetanes
Lithiation of the chiral oxetane 41 in the presence of a catalytic amount of DTBB in THF at -78°C led to the γ-functionalized organolithium intermediate 42, which by reaction with different electrophiles afforded, after hydrolysis with water, the expected functionalized alcohols 43 (Scheme 8) [25] . Starting from the enantiomeric oxetane ent-41, the corresponding enantiomeric products ent-43 were prepared. When a prochiral carbonyl compound was used as electrophile a ca. 1:1 mixture of diastereomers was obtained, which could be separated by column chromatography. 
Azetidines
The ring opening of azetidines with lithium and a catalytic amount of DTBB has to be carried out at higher temperatures than for aziridines, needing also here the presence of a phenyl group either at the nitrogen atom or at the adjacent position. Thus, N-phenylazetidine (46) was opened with lithium and DTBB as the catalyst in THF at -15°C yielding the corresponding γ-functionalized organolithium compound 47, which upon treatment with different electrophiles gave, after hydrolysis with water, the expected functionalized amines 48 (Scheme 10) [26] . The same protocol applied to the azetidine 49 took place, giving the most stable benzylic intermediate 50, which after condensation with an electrophile gave products 51. However, the process with the azetidine 52 gave a 2:1 mixture of products 55 and 56, after quenching with deuterium oxide of the corresponding intermediates 53 and 54. As shown, in the case of the secondary organolithium compound 53, no deuterium incorporation was observed, because this intermediate abstract a proton from the reaction medium [27] before reacting with the electrophile under the reaction conditions assayed.
Thietanes
2-Phenylthietane (57) was opened with lithium and a catalytic amount of DTBB in THF at -78°C to give the intermediate 58, which by treatment with an electrophile gave, after hydrolysis with water, products 59 (Scheme 11) [28] . When carbon dioxide was used as electrophile, the corresponding thiolactone 60 was isolated after work-up. In addition, products 61, resulting from the reaction of intermediate 58 with carbonyl compounds, were cyclized to substituted thiophenes 62 under acidic conditions. 
FIVE-MEMBERED HETEROCYCLES
The ring opening of five-membered heterocycles allows the introduction of a functionalized five-carbon chain into electrophilic reagents.
Oxygen-containing heterocycles
Tetrahydrofuran (63) itself can be opened using the arene-catalyzed technology, but boron trifluoride is needed for the reaction to take place. As electron carriers naphthalene, biphenyl (B) or DTBB can be used at -78°C, so intermediate 64 was postulated to react with the electrophile giving, after hydrolysis with water, the expected functionalized alcohols 65 (Scheme 12) [29] . Diols resulting from the reaction of intermediate 64 with carbonyl compounds can be easily cyclized to the corresponding tetrahydropyrans. For instance, treatment of compound 66 with 85 % phosphoric acid under toluene reflux gave the heterocycle 67, the whole process 63 → 67 being a homologation of the starting material.
In the case of phthalan (68), its DTBB-catalyzed lithiation in THF took place at room temperature giving intermediate 69, which reacted with different electrophiles to yield, after hydrolysis with water, the corresponding products 70 (Scheme 13) [30] . An interesting reaction occurred when, after the reaction with the first carbonyl compound as electrophile (E 1 + ), the temperature was allowed to rise to room temperature, so in the presence of the excess of lithium a second lithiation afforded the second intermediate 71, which, by condensation with another electrophile (E 2 + ), gave, after final hydrolysis with water, the expected products 72, in which two different electrophilic fragments have been introduced in the molecule of the starting material. When carbon dioxide was used as the first electrophile, after hydrolysis, the corresponding lactone 73 was directly isolated. In addition, using first a carbonyl compound and then carbon dioxide, a series of seven-membered lactones 74 were obtained.
Diols 75 (of type 70, from a carbonyl compound as electrophile) or 77 (of type 72, from two different carbonyl compounds as electrophiles) can be easily cyclized using 85 % phosphoric acid under toluene reflux to give heterocycles 76 and 78, respectively. Considering the transformation of phthalan into compounds 76 and 78, it can be considered as a homo-and bishomologation of the starting material, respectively.
The reaction of intermediate 69 (see Scheme 13), generated from phthalan (68), with epoxides afforded, after hydrolysis with water, the expected diols 79 (Scheme 15) [31] . Boron trifluoride-promoted cyclization of these diols gave the corresponding seven-membered heterocycles 80. Once intermediate 69 was generated and the excess of lithium was removed by filtration, it was allowed to react with N-silylimines at temperatures between -45°C and room temperature, so the corresponding amino alcohols 81 were isolated, after hydrolysis with water (Scheme 16) [32] . Successive treatment of compounds 81 with thionyl chloride and sodium hydroxide gave tetrahydroisoquinolines 82.
The use of more sophisticated electrophiles such as ketones 6 and 83 allows the preparation of carbohydrates containing a heterocyclic moiety. Thus, using intermediate 69 and the glucose derivative 6, diol 84 was isolated after hydrolysis with water (Scheme 17), its easy cyclization under Mitsunobu type reaction conditions giving the expected compound 85. The same process can be carried out without isolation of the diol intermediate, as the preparation of the fructose derivative 86 illustrates, using in this case ketone 83 as the corresponding electrophile [18].
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As it is well known in lithium chemistry, there are some reactions that result problematic with organolithiums, such as conjugate addition or acylation, due to competitive 1,2-additon or over-addition, respectively [4] . Moreover, dimerization of sp 3 -hybridized organolithium has also problems due to reduction side-processes. One way to overcome these problems is to exchange lithium by other less-reactive metals. Thus, once the functionalized organolithium compound 69 was generated from phthalan (68), a lithium-copper transmetalation was carried out using a copper(I) halide at -78°C, so a new intermediate of type 87 was formed in situ, which now can be used to give conjugate addition to α,β-unsaturated carbonyl compounds and esters to yield, after hydrolysis, the expected products 89 (Scheme the hydroxy thiol. For instance, whereas for R = Me, the corresponding six-membered ring 119 was obtained, the cyclopentanone derivative [R-R = (CH 2 ) 4 ] afforded exclusively the olefin 120.
The reaction of thiophthalan (121) with lithium and a catalytic amount of DTBB in THF at -78°C gave intermediate 122 and products 123, after condensation with different electrophiles at the same temperature and final hydrolysis with water (Scheme 25) [40] . When carbon dioxide was used as electrophile, the corresponding thiolactone 124 was directly obtained after work-up. In addition, the employ of carbonyl compounds as electrophiles gave hydroxy thiols 125, which were easily cyclized with 85 % H 3 PO 4 to yield products 126, which are homologs of the starting material 121.
SIX-MEMBERED HETEROCYCLES
The reductive ring opening of six-membered heterocycles is more difficult than in the case of smaller rings. As an example, tetrahydropyran does not suffer ring opening by an arene-catalyzed lithiation even in the presence of boron trifluoride, in contrast to the same process, which works for tetrahydrofuran (see previous section, "Oxygen-containing heterocycles").
Oxygen-containing heterocycles
The reaction of isochroman (127) with lithium and a catalytic amount of DTBB in THF at room temperature led to the generation of intermediate 128, which, after reacting with different electrophiles and final hydrolysis with water, gave the expected functionalized alcohols 129 (Scheme 26) [41] . When carbon dioxide was used as electrophile, the seven-membered lactone 130 was directly isolated after workup. In addition, acidic treatment of diols 131 derived from ketones as electrophiles gave the expected seven-membered heterocycles 132. For aldehyde derivatives 133, the same treatment gave different results depending on the structure of the starting aldehyde: whereas the propanal-derived diol (133, R = H) gave the cyclic ether 134, for the isobutyraldehyde-derived diol (133, R = Me) a Friedel-Craft reaction took place, giving the bicyclic compound 135. As mentioned before, for phthalan (68, Scheme 16), also in the case of isochroman (127), it was possible to use a silylated imine as electrophile to prepare the corresponding amino alcohols 137 and, after cyclization under the same reaction conditions, the expected seven-membered nitrogen-containing heterocycles 138 (Scheme 27) [32] . In the case of 4H-chromene (150), the DTBB-catalyzed lithiation in THF at temperatures ranging between 0°C and room temperature is not so interesting from a synthetic point of view, because a mixture of intermediates 151 and 152 is obtained, so after quenching with water, a 2:1 mixture of the corresponding products 153 and 154 was isolated and easily separated by acid-base treatment (Scheme 29) [42] .
Nitrogen-containing heterocycles
N-Phenyltetrahydroisoquinoline (155) was lithiated in the presence of a catalytic amount of DTBB in THF at room temperature, so intermediate 156 was prepared and after reaction with different electrophiles and final hydrolysis with water, functionalized amines 157 were the reaction products obtained (Scheme 30) [39] . For N-methyltetrahydroisoquinoline (158), and under the same reaction conditions, a surprising result was obtained; instead of the expected intermediate of type 156, compounds 159 were isolated. An explanation for that behavior, involving a benzylic deprotonation followed by a β-elimination is given [39] . 
Sulfur-containing heterocycles
Thioisochromans (160) were submitted to a DTBB-catalyzed lithiation in THF at -78°C, giving intermediates 161. The further treatment of these compounds with different electrophiles gave, after hydrolysis with water, the expected compounds 162 (Scheme 31) [40] . With carbon dioxide, the lactone 163 was directly isolated, and hydroxy thiols 164 (resulting from the reaction of intermediate 161 with carbonyl compounds) were easily cyclized to the corresponding seven-membered heterocycles 165 under acidic conditions.
OTHER HETEROCYCLES
In this section, thiepins as well as heterocycles containing two heteroatoms, such as 1,3-dioxolanes, 1,3-dioxanes, 1,3-oxathianes, phenoxathiin, phenothiazine, and thianthrene will be considered.
Thiepins
The lithiation of 2,7-dihydrobenzothiepin (166) with lithium and a catalytic amount of DTBB in THF at -78°C led to the corresponding heterocyclic ring opening, giving the intermediate 167 which, after treatment with an electrophile and final hydrolysis with 3 M hydrochloric acid, gave the expected functionalized thiols 168 (Scheme 32) [43] . Interestingly, when after the reaction of intermediate 167 with took place, giving a new organolithium compound 175, able to react with a second electrophile. However, under the reaction conditions this species took a proton from the reaction medium, so a lithium-hydrogen exchange occurred and compounds 176 was isolated independently of the electrophile used. The presence of two phenyl groups at the 2-position of the starting dioxolane (R = Ph) was necessary in order to stabilize the intermediate 175 (R = Ph), so making possible the tandem introduction of two electrophilic fragments, as exemplified in compounds 177. The chemistry shown in Scheme 33 was also applied to the corresponding vinylic homologs of compound 172. Thus, using the same protocol, dioxolane 178 was opened with lithium and DTBB as the electron carrier catalyst in THF at 0°C to yield the intermediate 179. This species equilibrates to the most stable noncarbenoid organolithium compound 180, which is finally trapped by the electrophile giving, after hydrolysis with water, the corresponding compounds 181 (Scheme 34) [45] . The process has synthetic interest because it represents the umpolung version of the normal reactivity of cyclopentenone, which reacts with nucleophiles at the β-position.
1,3-Dioxanes and 1,3-oxathianes
The reaction of 1,3-dioxanes and 1,3-oxathianes 182 (easily obtained from the corresponding orthosubstituted benzylic alcohols and carbonyl compounds) with lithium and a catalytic amount of DTBB in THF at room temperature (X = O) or -78°C (X = S) gave an intermediate of type 183, which suffered intramolecular nucleophilic substitution to yield compounds 184 (Scheme 35) [46] . Cyclization of these hydroxy phenols or thiophenols under acidic conditions gave benzofused heterocycles 185.
Phenoxathiin, phenothiazine, and thianthrene
The three two-heteroatom-containing heterocycles phenoxathiin, phenothiazine, and thianthrene (186) were lithiated using DTBB as the catalyst in 
